The aim of this paper is the determination of a concentrating thermo-photovoltaic (CPV/T) system dynamic model by means of the finite element method (FEM). The system consist of triple-junction InGaP/InGaAs/Ge (indium-gallium phosphide/indium-gallium-arsenide/germanium) solar cells connected to a metal core printed circuit board (MCPCB) placed on a coil circuit used for the thermal energy recovery. In particular, the main aim is to determine the fluid outlet temperature. It is evaluated corresponding both to a constant cell temperature equal to 120 °C, generally representing the maximum operating temperature, and to cell temperature values instantly variable with the direct normal irradiation (DNI). Hence, an accurate DNI analysis is realized adopting the Gordon-Reddy statistical model. Using an accurate electric model, the cell temperature and efficiency are determined together with the CPV/T module electric and thermal powers. Generally, the CPV system size is realized according to the user electric load demand and, then, it is important to evaluate the necessary minimum concentration ratio (Cmin), the limit of CPV system applicability, in order to determine the energy convenience profile. The fluid outlet temperature can be then obtained by the FEM analysis to verify if a CPV/T system can be used in solar heating and cooling applications.
Introduction
In concentrating photovoltaic systems (CPV), sunlight is concentrated on the solar cells by means of optical devices [1] . Higher temperatures are also reached [2] and this affects the electric performance, but also allows a high thermal energy recovery. The concentration systems that use triple-junction cells are less affected by the temperature increase, thus preserving a good electric efficiency [3] . Hence, the concentrating thermo-photovoltaic systems (CPV/T) allow one to not only obtain electric energy but also thermal energy. Systems which recover thermal energy from GaAs cell arrays are evaluated in [4] . In [5] the concentrating system thermal energy is used to supply a LiBr/H2O single-effect absorption heat pump. In [6] a concentrating dish is designed and connected to a system of evacuated tubes to obtain a more efficient thermal energy production. In [7] the fluid which cools the cells is accumulated in a tank. A CPV/T system linked to an organic Rankine cycle in order to increase the electricity production is studied in [8] , where the thermal energy obtained with a recovery system is supplied to a low-boiling fluid that allows an additional production of electric energy. A CPV/T system coupled with an air conditioning plant in order to separate latent load from sensitive load is shown in [9] . Referring to the electric, heating and cooling loads of a domestic user, in [10] the design and model of a concentrating photovoltaic thermal system are studied. Moreover, in [11] the optimized value of the concentration factor able to decrease the CPV/T system size and to provide a fluid outlet temperature, that satisfies the thermal and cooling demands, is determined in each working condition. Hence, there are different CPV/T systems that allow one to obtain a combined energy production, but there is not yet a standard configuration of these systems. In this paper the main aim is to determine by means of the finite element method (FEM) a dynamic model of a CPV/T system where the fluid cooling the cells flows in a coil circuit supplied by a pump. All this in order to determine the refrigerant fluid temperature corresponding to variable DNI values and then to verify the possibility to use a CPV/T system in solar heating and cooling applications.
CPV/T System Description
The CPV systems allows an increase in the electric power and efficiency in comparison with a traditional silicon photovoltaic system by means of optical components (Fresnel lenses, parabolic mirrors, etc.) which concentrate the sunlight on high efficiency multi-junction solar cells. This technology allows the conversion of higher area of the electromagnetic solar spectrum thanks to the combination of different band-gap semiconductor layers. The system analyzed in this paper consist of triple-junction solar cells (InGaP/InGaAs/Ge). The cell is applied by means of an adhesive on a Metal Core Printed Circuit Board (MCPCB, Figure 1a ), placed on a copper coil circuit properly sized for the thermal energy recovery (Figure 1b) , where a fluid, usually water and glycol, flows. The size of the heat recovery system has been realized considering empirical criteria that include the analysis of friction losses, the minimum and maximum speed of refrigerant flow and the Reynolds number in order to prevent turbulent energy dissipations. According to these factors, a pipe diameter of 20 mm and a volumetric flow rate of 0.2 m 3 /h have been determined. In particular, a single CPV/T module of twenty multi-junction cells, able to supply to a domestic user an electric power of about 500 W if a high concentration ratio is considered, has been analyzed. Specific details about the optics and the solar tracking system have been considered in the parameters of the model. 
CPV/T System Dynamic Model
The main aim is the determination of a model that links the input variables, such as solar radiation and solar cell parameters, with the output variables in order to quantify the cell efficiency and temperature and the electric and thermal powers under concentrated light. This analysis allows determination of the CPV/T system performance also in terms of refrigerant fluid temperature. 
Solar Radiation
The solar radiation analysis incident on the terrestrial surface depends on astronomical angles ( Table 1) that take into account the relative position between the Sun and the Earth. Table 1 . Astronomic angles and solar parameters [12] .
Parameter
Symbol Formula Solar Declination δ δ = sin sin(23.45) • sin 360 365
The extraterrestrial solar radiation can be theoretically calculated for each day of the year by means of the following equation [13] :
where Gc is the solar constant, equal to 1367 W/m 2 , and d is the number of days from the beginning of the year. The global solar radiation can be evaluated by means of the following balance equation:
where the global solar radiation is the sum of the direct, diffuse and reflected components. Multi-junction cells can only convert the direct solar radiation into electricity. The system orientation and installation site knowledge allows to calculate the direct solar radiation through empirical cloudless models based on the historical series of the solar irradiance data [14] :
where Cn is the clearness number, a dimensionless factor which varies between 0.85 and 1.15; it takes into account the amount of water vapor and aerosol particles. The other parameters of Equation (3) are: solar zenith angle (θz), site pressure (p), standard pressure at 1 atm (p0), empirical factors A and B which model the solar radiation amount that passes through the atmosphere and the diffuse radiation proportion [14] . A detailed analysis of the solar radiation requires the study of the actual climatic conditions. This can be carried out by means of non-cloudless models. In this paper, a statistical autoregressive model has been used [15] . A normal variable Zd, representative of a random process which may be the succession of daily climatic conditions in a specific site, is introduced as a linear function of the same variable, referring to its previous states, plus an error term representing the statistical noise. This can be expressed as:
where τi are the autocorrelation coefficients. The analysis of historical series shows that it is possible to consider only the first order term. Furthermore, the first order autocorrelation coefficient, which varies between 0 to 0.6 depending on the site, can be reasonably approximated to 0.3 [15] . The statistical noise is a normal random variable which is defined from a sequence of random numbers z ∈ [0,1] having the following formulation:
Initializing Z0 = 0, it is possible to generate a values series which approximates the climatic data historical series. The procedure is based on Gordon-Reddy method [16] which consists of empirical formulations expressed as a function of the average monthly clearness index (ktm). This parameter is the ratio of the terrestrial solar energy on a horizontal surface (Hh) and the extraterrestrial solar energy (Hh0):
The Hh value can be obtained by means of climatic databases [17] , while monthly solar horizontal radiation Hh0 can be analytically calculated by Liu-Jordan formula [18] :
where ωs is the sunset hour angle, defined as:
The probability density function of the average daily clearness index is described by the following equation [16] :
The Gordon-Reddy coefficients are reported in Table 2 . Equating the cumulative distribution functions of Xd and Zd, an implicit equation is obtained; this must be solved iteratively:
Solving Equation (10) in Xd, it is possible to generate a value for the average daily clearness index, considering that: k =X •k . The annual horizontal solar radiation values have been obtained and compared to the data reported in solar radiation atlas [19] and in the CM-SAF PVGIS database [20] for different Italian cities (Table 3) . The values obtained by the model are the arithmetic average calculated through the generation of 1000 irradiation profiles. The first-order autoregressive procedure is similarly used for the hourly clearness index (kth). In this case empirical correlations by [21] are taken into account to generate a statistical profile of hourly weather conditions. Hourly clearness index is the input parameter for the direct, diffuse and reflected radiation evaluation. Considering the Equation (2) and characterizing it for each solar component, the complete balance equation is [15] :
where Gtot,h is the global horizontal radiation:
β is the module tilt angle respect to the horizontal plane, ρ is the ground albedo and Gh is defined as the sum of horizontal direct and diffuse radiation: G = G , +G , . The Erbs predictive model [22] is used to quantify the radiation diffuse component on the horizontal surface. Hence, it is possible to determine the Gdir,h and the DNI on the module surface by means of the following expression:
where γs and γ are the azimuth of the direction to which the system is oriented, usually south in the northern hemisphere, and the solar azimuth respectively.
Solar Cell Electric Model
The single-junction photovoltaic cell behavior can be analyzed by means of the equivalent circuit model. From the electric point of view, an ideal cell is a current generator with a diode placed in parallel. To consider the effect of the internal dissipations, two resistances in series (Rs) and in parallel (Rsh, shunt resistance) are introduced.
The cell is described from the analytical point of view by the Shockley diode equation:
where IL is the photo-generated current intensity, proportional to the incident solar radiation, IO is the reverse saturation current intensity proportional to the p-n junction area, T is the absolute temperature, q is the elementary charge, k is the Boltzmann's constant and n is the diode ideality factor, which varies between 1 and 2 in Si-based solar cells. Equation (14) provides an accurate representation of the cell behaviour, although it cannot be directly applied because of the difficulty in the constitutive parameters determination. In practical applications, a simplified approach is adopted considering the following assumptions: uniform generation in cells subjected to the same operating conditions, negligible voltage drop in metallic conductors, negligible resistive effects and photo-generated current approximated to short-circuit current. Generally, the solar cells modeling is realized under open circuit and short circuit conditions. The open circuit voltage (VOC) can be approximated to:
Considering a short circuit condition (V = 0) and high quality cells (low Rs and high Rsh), the following short circuit current expression is obtainable from Equation (14): I ≈ I .
The previous equations are related to a solar cell under non-concentrated light. The effect of solar concentration occurs by means of the proportional increase of short circuit current intensity. The concentration ratio can be expressed in electric terms as follows:
where ISC,r indicates the short circuit current intensity without concentration. The expression of the open circuit voltage thus becomes:
This is the starting point to obtain the cell temperature under concentrated light. A first approach for multi-junction cells is the King's model [23] :
where the subscript r indicates the parameters calculated in the reference conditions without concentration and βVoc(C) is the open circuit temperature coefficient. The method used in this paper is based on the Xing Ju et al. model [24] . Hence, the multi-junction cell temperature is equal to:
Using Spectrolab C1MJ cells (Spectrolab Inc., CA, USA), it is possible to estimate the analytical expression of the electrical parameters:
The data sheets analysis shows an ideality factor of 3.72 and a VOC value in standard conditions of 2.54 V (Figure 3) .
The multi-junction cell temperature profile can be determined corresponding to Maximum Power Point (MPP). In this case VOC depends on the concentration ratio and the working temperature. By means of the data sheets interpolations the following expression has been obtained: 
where the numerical coefficients are calculated in standard conditions. Substituting Equation (21) in Equation (19) the cell temperature can be determined:
In order to determine the cell temperature, it has been necessary to assume that the inverter instantaneously imposes a specific electric voltage profile to the cell. Although it is not possible to achieve MPP in open circuit conditions, a voltage profile must be imposed in order to build an analytical model of multi-junction cell temperature; the voltage profile closer to the one requested is the VMPP profile, calculated empirically through Equation (21) . This assumption has been confirmed by the correspondence between the resulting temperature profile (Figure 4 ) and the experimental indications given by CPV systems manufacturers corresponding to the maximum operating temperature (110-120 °C) under high solar irradiance conditions. In Figure 4 concentration ratio is expressed in suns (1 sun = 1000 W/m 2 ) but the solar direct irradiance in real applications is generally lower than 1000 W/m 2 and this implies a lower real level of concentration, justifying thus the theoretical limit reported by cells manufacturers.
Cell Efficiency
The cell efficiency depends on the working temperature Tw and the concentration ratio C. By means of a double interpolation of C1MJ data sheets, it is possible to empirically estimate the cell efficiency as ( Figure 5 ): 
Electric and Thermal Power
The CPV module electric power can be expressed as:
where n is the number of solar cells, Amod is the active surface of the CPV module, Cx is the geometric concentration ratio, ηopt is the optical efficiency (0.65 ÷ 0.85), ηtr is the tracking system efficiency (generally > 0.95) and Ploss is the parasitic power due to the circulation pump and the solar tracker. This quantity is generally negligible if compared to the solar energy captured by means of the tracking system. In many cases the parasitic power is indeed less than 3% of the total incident solar power [25] . The inverter allows the conversion of direct current into alternating current, suitable for the network distribution. The inverter efficiency increases with the load and the power, reaching values even higher than 95%; a typical value of 90% is used in the model [26] . Theoretically, thermal power is the amount of direct solar radiation incident on the cell which is not converted into electricity:
Considering the technical specifications of some commercial solutions and experimental systems, the model validation has been performed ( Table 4 ). The comparison has been realized using as reference CPV technologies of different size and type. The model flexibility and accuracy have been demonstrated by the small difference between calculated and nominal values ( Table 4) . The model values have been adjusted by considering technical specifications such as the efficiency (solar cell, optics, inverter, module assembly, etc.), the solar cells active area and other loss factors reported in the data sheets. The CPV/T systems enable the thermal energy recovery by means of a hydraulic circuit whose configuration can vary significantly; in particular, in this analysis the circuit reported in Figure  1b has been considered. Convective and radiative thermal losses related both to the front and back part of the CPV/T module are considered negligible [5, 26] . In particular, under the assumption of water circuit thermal insulation and vacuum inside the hermetically sealed CPV/T module, the convective exchange is negligible. Moreover, the radiative exchange, considering the small active surface of multi-junction cells (approximately 1 cm 2 ), involves a negligible value (order of magnitude of 1-10 W) when compared with the typical values of the CPV/T systems thermal power, as shown in Table 4 . Hence, there are neither significant convective losses nor radiative losses. In particular, it has been observed in [10] that the thermal losses related to the CPV/T system and calculated according to the equations reported in [26] , are included between 1% and 3%.
CPV/T System FEM Analysis
In order to take into account the CPV/T system structural complexity in terms of materials, geometries, heat exchange mechanisms and boundary conditions, an analytical approach is adopted to study the CPV/T system thermal transient; in particular, the Finite Element Method (FEM) is used. The FEM technique is based on the generation of discrete domains (mesh) where the numerical integration of the mass, momentum and energy balance equations is performed. This can be realized by means of a Computational Fluid Dynamics (CFD) simulation software; in this paper, Solidworks ® FlowSimulation tool has been used (Solidworks: Waltham, MA, USA, 2012). A three-dimensional graphical model of the analysis domain and of the CPV/T system components has been realized. Owing to the absence of constructive standards, the configuration of Figure 1 has been considered in the model as reference. The definition of initial and boundary conditions has allowed to initialize the FEM technique and to obtain the time trend of the refrigerant fluid temperature. This allows to evaluate the CPV/T system potentialities in trigenerative applications.
Energy and Economic Analysis
The CPV systems can convert a solar radiation amount that is substantially higher than silicon conventional systems thanks to optics and multi-junction cells. Although these cells are the most efficient photovoltaic technology, they can only convert into electricity the solar radiation direct component. Hence, it is essential to determine the convenience limit of CPV systems in comparison to mono-crystalline silicon systems. This can be realized estimating the electricity annual production. CM-SAF and PVGIS-3 models for traditional PV systems have been used [20] . Gordon-Reddy statistical model and UNI 10349 data [17] for the generation of DNI profile have been used. The average annual electricity yield per kWp of a CPV system can be theoretically defined as:
where G is the average direct solar irradiance incident on the module surface in the reference time t, ηTOT is the system total efficiency (including the cell, optics, inverter efficiencies) while ξ is a factor that indicates the active surface per power unit. The energy produced by the CPV system will be compared with the traditional system performance ETRD in order to determine the energy break-even point.
The procedure (Figure 6 ) calculates the clearness index based on the average insolation data. It is possible to generate an appropriate DNI profile by means of the Gordon-Reddy statistical model. Modules are supposed orthogonal to the direction of sunlight because this is the configuration adopted in the reference databases. The procedure is initialized with random numbers. Hence, there is a results variability representative of random climatic conditions. Therefore, it is essential to realize a multiple generation of DNI profiles considering average values. These will be then compared to the solar databases in order to determine the minimum concentration ratio (Cmin) corresponding to which the CPV solution is energetically preferable. Equating traditional and CPV system the expected yield (Equation (26)), it is possible to express the energy break-even point in terms of concentration ratio using the following equation:
Fixed the CPV module, ξ and ηtot are known and Cmin value is thus defined. If the geometric concentration ratio of the CPV system is inferior to Cmin, traditional mono-crystalline solution should be preferred. Figure 6 . Flow chart of the energy convenience evaluation method.
Results and Discussion
The CPV system use depends on its energy and economic convenience in comparison with a traditional power generation system. In particular, the convenience profile for a generic CPV system in terms of Cmin has been obtained adopting an energy evaluation method. In Figure 7 a wider colored area implies a greater number of combinations efficiency-active surface and then a higher application possibility. A wider blank area, non-convenience area, or alternatively larger red bands indicate higher levels of the required concentration. Hence, sites with a lower annual solar radiation such as Milan (North Italy) are disadvantaged compared to sites with higher solar radiation, such as Palermo (South Italy). The CPV systems configuration can vary significantly and as consequence installation, management and maintenance costs change.
Using the economic evaluation method by King et al. [27] , it is possible to determine the economic convenience break-even point of concentrating photovoltaic systems compared to traditional energy generation systems. The global capital costs have been divided into photovoltaic costs (cells, lenses, module cables, etc.), BOS costs (auxiliary structures, installation, operation, maintenance and financing) and inverter cost. Considering the DNI values of a specific site and the estimated CPV costs [27] , it is possible to determine for a selected system the simple payback period (Figure 8 ). For a medium concentration module, the payback varies between 5 and 8 years. These values are congruent with the specifications of small-scale commercial systems (Sahaj Solar Power Inc. Ltd., Gujarat, India) and large-scale solar installations [28, 29] , and they increase when a CPV/T system is considered [11] . The simulation time interval has been set to 10 seconds in order to achieve the best compromise between the duration of the simulation process and the consistency of the thermal exchange analysis. Moreover, the thermal insulation hypothesis of the module pipes has been considered [5] . First of all the fluid temperature determination has been evaluated fixing the cell temperature at 120 °C that generally represents the maximum operating temperature. Hence, it has been possible to provide an indication of the maximum output temperature achievable by the thermal recovery circuit (Figure 9 ).
Using Solidworks ® FlowSimulation the model has been divided into a mesh consisting of 137,729 elements for the solids parts and 10,391 for the fluid parts. The convergence has been reached after 1000 iterations, corresponding to a simulated physical time of 10,000 seconds (2h 46m 40s). After this time, the fluid outlet average temperature has been of 75.4 °C. [29] for ArimaEco CPV G1 module.
In real applications, the cell temperature depends instantly on the level of direct solar irradiance and therefore cannot be considered constant. On the contrary, it is possible to realize a DNI profile with statistical methods and to generate the related thermal profile of the cell; this represents the FEM simulation input. The method can be applied to each site whose information about climatic historical series is available. In Figure 10a a possible random profile for the city of Salerno is shown. The curve is statistically generated and is representative of a mainly sunny day with partial cloudiness during central hours. The analysis is related to two cases of medium (500×, Figure 10b ) and high (1000×) concentration (Figure 10c ). In this case, the operating limit of 120 °C has been removed to consider the potentialities of new generations multi-junction cells. The results analysis has allowed to observe that the fluid outlet temperature is on average about 10 °C higher when a HCPV module is adopted. It has been also possible to note that temperatures higher than 80 °C can be obtained under high irradiance conditions and this allows the solar cooling systems use during the summer months. Moreover, it is important to observe that considering a module with more cells, the time necessary to reach the required temperature decreases. All this demonstrates the possibility to couple a CPV/T system with an absorption chiller in solar cooling applications. 
Conclusions
In this paper is a dynamic model of a CPV/T system has been studied and the FEM technique has been adopted. Triple-junction solar cells (GaInP/GaInAs/Ge) placed on a coil circuit where the refrigerant fluid flows have been considered. An accurate DNI profile generation method has been also considered by means of the Gordon-Reddy statistical approach. The results have been successfully tested by means of the comparison with solar atlas and insolation databases. The model has allowed to determine the cell temperature and efficiency, the electric and thermal powers of the CPV/T module and the refrigerant fluid outlet temperature. The fluid temperature has been evaluated corresponding both to a constant cell temperature equal to 120 °C and to a cell temperature variable with the DNI as occurs in the real applications. It has been important to evaluate the necessary Cmin value in order to opportunely size the concentrating system according to the user electric load demand. Hence, an energy evaluation method has been introduced to determine the convenience profile of a generic CPV system in terms of Cmin. Once known the Cmin value, the fluid outlet temperature has been evaluated in the time by means of the FEM technique, and the possibility to use a CPV/T system in solar heating and cooling applications has been verified. In particular, it has been observed that temperatures higher than 80 °C are obtained in high irradiance conditions and this allows the solar cooling systems use during the summer months. Future developments will concern the dynamic model study of a CPV/T system adopted for a domestic user considering more modules with a variable number of cells in order to properly size the system, and to verify if the time necessary to reach the required temperature decreases and the thermal and cooling loads are satisfied.
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